The local dielectric environment plays an important role in the localized surface plasmon resonance (LSPR) of metal nanoparticles (MNPs). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Changes in the environment can be used to manipulate their plasmonic response. When the MNP is immersed in a homogeneous dielectric medium, an increase in the local dielectric environment leads, in general, to resonance redshifts. As the environment is symmetric, the comparison to theory is usually simplified. In contrast, when the MNP is placed on a substrate, the symmetry is broken, 5, 12, 13 leading to a more complicated behavior. This complicates the comparison between theory and experiments and the interpretation of fine details observed in optical measurements. Any spectroscopic experiment performed in microscopes to probe plasmons, and specifically electron microscopes (EM), demands the sample under study to be deposited on some type of substrate. The resulting broken symmetry has significant consequences in the LSPR of the MNP, which is a matter of intensive study. 5, 10, 12, 13 For example, the plasmonic response of Ag cubes on substrates is still not fully understood, 12, 13 although theoretical tools have been developed, [14] [15] [16] [17] [18] [19] [20] to the point that 3D reconstructions of plasmonic modes are possible. 21 In a simplistic picture within the quasistatic limit for small MNPs, image charges in the substrate are induced by electron oscillations associated with the plasmon modes. 6 The magnitude of the image charge depends on the refractive index of the substrate. The interaction of the excited plasmon modes of the nanoparticle and the image charges modify the overall response. 6 Such models can be extremely precise for symmetrical substrates, as demonstrated by optical scattering experiments. 22 Current standard substrates for EM experiments have known drawbacks. Thin Si 3 N 4 (typically 15 nm) induces large redshifts of plasmon resonances and is prone to charging in the EM, inducing extra geometric aberrations on the electron beam. Few-layer graphene (FLG) is conductive, avoiding the charge-induced problems, and leads to smaller redshifts. However, the lack of a bandgap introduces extra absorption at the plasmon energies, as well as plasmon damping (broader peak widths).
In this context, h-BN is a promising candidate, a material with a wide bandgap which has been recently shown to be a good substrate for experiments with 2D materials, including graphene and transition metal dichalcogenides, 23 for enhancing surface-enhanced Raman spectroscopy 24 and as an excitation medium for cathodoluminescence (CL). 25 h-BN has a larger dielectric constant in comparison to Si 3 N 4 . Therefore, a thin h-BN layer or possibly a monolayer should be used to minimize its influence on plasmonic resonances. Thin h-BN is much less prone to charging effects than 15 nm Si 3 N 4 . Moreover, the use of a monolayer of h-BN as a substrate may present further technological advantages, being malleable, transparent, and capable of offering protection (fully covering a surface) against oxidation in a sandwich configuration under ambient conditions. 26, 27 To determine the utility of h-BN for plasmonics in EM studies, we used a combination of spectroscopic techniques a) luiz.galvao-tizei@u-psud.fr and theoretical modeling to explore the effects of four substrates on plasmonic nanoparticles: (1) 15 nm thick Si 3 N 4 membranes, (2) FLG, (3) monolayer h-BN, and (4) thin h-BN. The first two have been explored extensively in plasmonic studies in EM. 9 Until now, h-BN has not been considered as a substrate for plasmonics, possibly due to the fact that a thick layer of this material is prone to charging. We show that thin or monolayer h-BN is more appropriate than current standard substrates for plasmonic studies in EM, provided that it is free from carbon contamination.
According to well-known models, we expect that a substrate with a higher dielectric constant will induce a larger plasmon redshift and an increase in its full width at half maximum (FWHM). The thickness of the substrate must necessarily influence these quantities, as the effect of the field penetration in the substrate will decrease for thinner materials. Therefore, a quantity taking into account the magnitude of the dielectric constant and thickness has to be considered, similar to the effective refractive index used when calculating optical modes in photonic crystals. In short, we expect that the reduced thickness of the h-BN monolayer (0.3 nm) will reduce the influence of its higher dielectric constant, leading to smaller redshifts and narrower FWHM in comparison to Si 3 N 4 . In fact, as we observed, even a thin film of h-BN has an effect smaller than that of other substrates. Theoretically, this transition cannot be analyzed with available methods, as described for Si 3 N 4 in the text. For example, in boundary element method (BEM) charges and dipoles are calculated at the boundaries between the metal particles and dielectric media. Including these boundaries is complicated, even for "thick" substrates and no definitive method exists for atomically thin materials. For our calculations, we used the MATLAB toolbox MNPBEM. 17 In our experiments, we used gold (Au) nanotriangles as model MNPs, with an average edge size of 80 nm and a thickness of 34 nm (4% and 25% standard deviation), which would lead to plasmon shifts of the order of 100 meV at most, far smaller than the shifts observed experimentally (Supplementary material, Fig. S1 and Table S1 ). Nanotriangles were synthesized using a seed mediated protocol and their small dispersion in size allowed us to analyze MNPs with the same nominal size in all three substrates. 28 The 15 nm nominal Si 3 N 4 and FLG substrates were purchased (Ted Pella). The monolayer h-BN substrate was produced by transferring a monolayer of h-BN (described in the Supplementary Material) grown by CVD on copper (purchased from Graphene Supermarket) onto a TEM molybdenum grid (quantiFOIL) containing a thick carbon film with a 1 lm hole array. Thin h-BN (thickness < 10 nm) flakes were produced by liquid exfoliation of pure h-BN high-temperature-high-pressure monocrystals using isopropanol (15 min of sonication). The resulting solution was drop cast on lacey carbon films suspended on copper grids. The MNPs were deposited by simple drop casting on top of each substrate after dilution of the solution in deionized water. Two spectroscopy techniques were used in a STEM: electron energy loss spectroscopy (EELS, a nanoscale equivalent of optical extinction 4, 8, 9 in the near-visible range) and cathodoluminescence (CL, a nanoscale equivalent of optical scattering for plasmonics 9 ). The small electron probe available in STEMs ensures high spatial resolution. All EELS experiments were performed on a Nion UltraSTEM 200 operated at 60 keV with an electron beam of about 1.2 Å (few tens of pA beam current, 34 mrad convergence semi-angle, and 10 mrad spectrometer collection semi-angle). The electron beam energy spread (FWHM) was 260 meV. CL experiments were performed in a VG HB 501 microscope operated at 60 keV or 100 keV with an electron beam of about 1 nm (few hundreds of pA beam current and 15 mrad convergence semi-angle). EELS data were deconvolved using a Richardson-Lucy algorithm. 29 Light was collected using a M€ onch CL system for STEMs from Attolight. 30 In STEM experiments, MNPs are located using high angle annular dark field (HAADF) images, in which the intensity is proportional to the projected atomic number along the beam path (to a first approximation, the intensity is proportional to Z n , where n depends on the detector collection angle 31 ). Spectroscopic data were acquired in the hyperspectral mode: the beam was scanned on the zone of interest, and at each beam position, a spectrum (EELS or CL) was acquired, leading to a 3D datacube. Along with each hyperspectral image, an HAADF image was acquired in parallel, allowing a direct correlation between the MNP position and its plasmonic modes.
Among the selected substrates, Si 3 N 4 is the current standard, FLG an approximation of a thin but conductive material, and h-BN a prototype of a thin material with a large energy bandgap. In Fig. 1(a) , an HAADF image of a representative MNP on h-BN is shown. The same image is shown with a different contrast in Fig. 1(b) for a better visibility of the substrate. In Fig. 1(c) , a large region of the h-BN substrate is shown. Darker regions in Fig. 1(c) are monolayer h-BN, while the brighter regions are thicker due to the presence of carbon-containing residue from the h-BN monolayer transfer process to the electron microscopy support grid. To confirm the presence of the monolayer, h-BN high resolution imaging was used, as exemplified in Fig. 1(d) . Brighter dots correspond to nitrogen atoms, while the darker ones to boron atoms.
Different Au nanotriangles were measured for each substrate. In Figs. 1(e)-1(h), we present three triangles with similar sizes (83, 83, and 84 nm edge length) deposited on h-BN, FLG, and 15 nm thick Si 3 N 4 . EELS spectra in the 1.2 eV-3.0 eV range are shown in Fig. 1 (e) acquired with the electron beam at one of the tips of each triangle [marked in green for the h-BN sample in Fig. 1(a) ]. For comparison, we also included the MNPBEM simulated EELS spectra for a gold triangle of the same dimensions as used in our experiments in vacuum. Spectra were normalized to the zero-loss peak.
First of all, a shift of the dipolar mode to lower energies can be clearly seen from the theoretical calculation in vacuum (2.22 eV) to the substrates: h-BN (2.08 eV), FLG (1.98 eV), and 15 nm Si 3 N 4 (1.84 eV). These values match our qualitative expectations, considering, for example, an effective medium model. The higher dielectric constant of h-BN compared to Si 3 N 4 is counterbalanced by the reduced monolayer thickness, and hence, the smaller range of electric field being in presence of the dielectric to a reduced effective dielectric constant in h-BN. However, compared to our MNPBEM calculation, even the h-BN dipolar mode appears at lower energy (0.12 eV redshift). The shoulders at higher energy can be attributed to hexapolar modes, 32 which are not easily distinguishable in the shown spectra. Here, we focus on the dipolar mode of MNPs. All of our conclusions can be extended to higher order modes e.g., edge modes 32 or breathing modes. 33, 34 Considering the FWHM of the dipolar modes, we observed 0.16 eV in vacuum (theory), 0.30 eV for h-BN, 0.32 eV for Si 3 N 4 , and 0.43 eV for FLG. Our experiments were performed with an electron beam with an energy spread of about 0.26 eV (0.15 eV after deconvolution). Variations below this value, which appear after spectral deconvolution, are hard to quantify. However, the FWHM of the dipolar mode on FLG is larger, indicating a decrease in the plasmon total lifetime. Surface plasmons lifetimes have been measured using EELS data fitting. 35 By comparing the FLG spectrum with those of the other substrates, we can see that damping effects play an important role.
Although substrates are routinely included in calculations, their effects are simulated only qualitatively. For example, even in our attempt to minimize substrate effects, a substantial redshift of 0.12 eV is still observed. This could be an effect of residual carbon contaminants on and around the nanoparticles [ Fig. 1(b) ], error in the particle geometry (triangle edge roundness, for example), or some elements that we are missing in the model. The total effect is stronger than what we expected qualitatively, stressing the problem of calculating the effect of atomically thin substrates in plasmonics.
Figures 1(f)-1(h) show the experimental EELS plasmon maps for h-BN, FLG, and Si 3 N 4 substrates, respectively. Filtered images were produced by integrating the scattered intensities in a 200 meV energy range centered on the plasmonic dipole mode peak. For these reasons, energy filtered maps are also normalized. As already observed in the spectra in Fig. 1(e) , the total EELS intensity of the dipolar mode is higher for the triangle on the h-BN substrate (as evidenced in the normalized intensity maps). The decay of the dipolar mode intensity away from the triangles' tip cannot be distinguished between the three measurements.
These three triangles are extreme cases of a general trend observed in a larger dataset. The energy of the dipole peak as a function of the side length of 23 triangles is shown in Fig.  2(a) . For each triangle, the dipole peak energy for the three vertices is presented. These energies, along with the associated FWHM, were measured by fitting a Gaussian to each spectrum, as described in Fig. S2 . As outlined previously, resonances in h-BN occur at higher energies. However, a large 231108 (2018) dispersion in energy was observed. In some cases, the dipolar mode of triangles with similar sizes shows comparable energies on h-BN and on Si 3 N 4 . This occurs due to the presence of carbon contaminants on the surface of the triangles (from the synthesis) and on the h-BN monolayer (from the monolayer transfer). To avoid some of this extraneous contamination, we considered thin h-BN crystals (below 10 nm thickness, as estimated from EELS). For the thin flakes, the results are consistent with what was observed using h-BN monolayers. Finally, the FWHM observed for all triangles (Fig. S3 ) also follow the general trend (sharper peaks for h-BN and Si 3 N 4 and broader for FLG). Thin h-BN shows FWHM sharper than those in monolayer h-BN due to the smaller quantities of contaminants on its surface. The combination of increased energy and reduced FWHM leads to a higher quality factor (Q, the ratio of the resonance energy and its FWHM) on h-BN substrates [ Fig. 2(b) ]. As a summary, thin h-BN has appealing properties compared to the other substrates: contrary to Si 3 N 4 , the best solution in EM at the moment, they are likely to induce smaller red-shifts [related points being statistically in the higher energy part of Fig.  2(a) ], while keeping a FWHM comparable to the Si 3 N 4 but much lower than FLG. In Fig. 2(a) , the expected redshift as a function of increasing particle size is clearer for the Si 3 N 4 substrates in contrast to the h-BN substrates. This is because of carbon contaminants which may also induce redshifts in the plasmonic resonances.
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In the whole dataset, variations between the peak energy of the three vertices were observed (from tens to hundreds meV). These variations can again be explained by the presence of varying quantities of contaminants at each tip. We observe that the energy distribution in h-BN is broader than that in Si 3 N 4 .
The effect of the substrate thickness on a plasmonic resonance can be evaluated qualitatively by performing calculations. We can observe the trend of the substrate thickness by performing MNPBEM calculations on Si 3 N 4 layers of increasing thickness (Fig. S4) . As expected, the dipolar mode redshifts for thicker substrates. This trend saturates above 80 nm, where the effect can be seen as identical to that of bulk. For smaller thicknesses, the resonance energy tends towards that in vacuum (2.22 eV).
Aiming to better understand the effect of the h-BN substrate on the plasmonic properties of Au nanotriangles, we also performed CL experiments. Such experiments on FLG and thin Si 3 N 4 membranes have been performed in the past. 9 Our expectation was to show that the h-BN monolayer had little effect on the optical properties of the Au triangle, making it an ideal substrate to plasmonics. However, this does not seem to be the case. We observed that CL intensity decays as a function of electron dose. In Figs. 3(a) and 3(b) , a CL intensity map filtered at the plasmon wavelength peak and the CL spectra at the triangle's vertices are shown. These data were obtained from the first hyperspectral image measured on this triangle. In this, the dipolar modes sustained at the three tips have distinct intensities. A subsequent acquisition after electron irradiation on the same triangle shows reduced emission [Figs. 3(c) and 3(d) ]. However, even after electron irradiation, the dipolar modes are visible in EELS data (Fig. S5) . The same intensity decay of the dipolar mode was observed for different triangles on two different but similarly produced samples.
We have no definitive explanation for this observation and we can only speculate about its possible origin. In principle, plasmonic resonances are sufficiently robust against changes in the local dielectric environment. Energy shifts and changes of the FWHM can be observed, but not a complete suppression of the plasmonic modes. In fact, in EELS experiments, the dipolar modes of the three tips have fairly equal scattering intensities and they do not visibly change in sequences of acquisitions. For this reason, we do not believe that the plasmonic mode is strongly modified by electron irradiation. A more reasonable interpretation is that electron irradiation creates non-radiative decay channels for the plasmons which (1) were not available initially and (2) do not occur in the FLG or Si 3 N 4 substrates. That is, it is intrinsically linked to the electron irradiation and to h-BN. The only mechanism we can suggest that matches these two criteria is the creation of defects by the electron beam. It is known that focused electron beams are quite effective in creating boron vacancies [36] [37] [38] and more complex defects in h-BN.
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Experiments were performed with 60 and 100 keV electrons to try to distinguish some underlying differences, but no clear influence of the electron kinetic energy was observed.
In conclusion, thin or monolayer h-BN has been demonstrated to be the best available substrates for plasmonic EELS studies. This should hold for all particles, including different materials, sustaining excitations within the bandgap of h-BN. However, the h-BN degrades CL efficiency after electron irradiation (which might not happen after photon illumination). Currently, modeling plasmon on thin substrates is not widespread. Furthermore, extensive h-BN monolayer grown on polycrystalline copper can be easily fabricated, making it a direct contender to Si 3 N 4 given its better overall properties and ease of use. Finally, lithography on top of the copper/h-BN films is straightforward, opening the way to all the experiments available on Si 3 N 4 . 
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